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Introduction 


DNA  double-strand  break  (DSB)  repair  is  critical  for  cell  survival  and  for  preventing 
genome  rearrangements  leading  to  cancer.  It  is  carried  out  by  two  mechanisms,  homologous 
recombination  and  non-homologous  DNA  end  joining  (NHEJ).  NHEJ  is  the  major  repair 
pathway  of  DNA  repair  in  mammalian  cells  and  is  mediated  by  three  complexes:  the  DNA-PK 
complex  (DNA-PKcs,  Ku70,  Ku80),  the  XRCC4/DNA  Ligase  IV  complex  and  the 
NBS1/Rad50/MRE11  complex.  We  recently  observed  that  DNA-activated  protein  kinase  (DNA- 
PKcs),  a  critical  component  of  the  NHEJ  repair  pathway  in  vertebrates,  was  poorly  expressed  in 
non-lactating  (resting)  human  breast  tissue  compared  to  lactating  breast  tissue,  where  it  was 
expressed  at  high  levels.  All  tissues  exhibited  similar  amounts  of  mRNAs  for  the  three 
polypeptide  components  that  comprise  DNA-PK,  suggesting  that  the  poor  expression  of  DNA- 
PKcs  in  resting  breast  epithelial  cells  results  from  posttranscriptional  mechanisms  rather  than 
transcriptional  regulation.  Our  findings  suggested  that  resting  breast  tissue  might  be 
compromised  for  the  repair  of  DSBs  compared  to  other  tissues.  Therefore  we  proposed  to 
measure  the  DNA  double-strand  break  repair  capacity  of  breast  cells  and  identify  the  mechanisms 
responsible  for  regulating  levels  of  NHEJ  DNA  repair  components  in  human  breast  tissue. 

To  accomplish  these  goals,  we  proposed  to:  I)  establish  culture  conditions  that 
recapitulate  DNA-PK  and  NHEJ  component  expression  in  breast  tissue;  II)  examine  the  effects 
of  low  and  high  expression  levels  on  DNA  repair  and  genome  stability;  HI)  identify  the 
mechanisms  that  regulate  NHEJ  component  expression  in  breast  tissue. 


Body 

The  objectives  of  this  project  were  based  on  the  findings  (Moll  et  al.,  1999)  that  epithelial 
cells  in  lactating  human  breast  tissue  expressed  high  levels  of  both  DNA-PKcs  and  Ku  proteins 
while  none  of  these  proteins  were  detected  in  epithelial  cells  in  normal  (resting)  human  breast 
tissue.  However  (as  stated  in  last  annual  report),  when  these  findings  were  recapitulated  on  a 
larger  scale,  both  resting  as  well  as  lactating  breast  tissue  sections  of  normal  women  showed 
strong  expression  of  DNA-PKcs,  Ku70,  Ku80,  XRCC4,  and  DNA  ligase  IV  as  well  as  NBS1  and 
MRE11.  The  interesting  observation  emerging  from  our  analysis  was  that  stromal  cells  in  these 
breast  tissue  sections  were  devoid  of  any  of  these  proteins  or  expressed  them  at  very  low  levels. 
Micrographs  of  breast  tissue  sections  stained  with  antibodies  to  DNA-PKcs  and  other  DNA 
repair  proteins  are  shown  in  Figure  1. 

To  investigate  the  expression  of  NHEJ  proteins  in  stromal  cells  from  breast  tissue  in  more 
detail,  a  representative  stromal  cell  line  was  identified  and  obtained  from  ATCC  (cat.  #  CRL- 
7345).  This  cell  line,  Hs  574.T,  which  is  of  fibroblast  type,  was  derived  from  the  ductal 
carcinoma  of  human  mammary  gland  and  apparently  is  of  stromal  origin.  The  cell  line  is  from  the 
Naval  Biosciences  Laboratory  collection  that  was  transferred  to  the  ATTC  in  1982. 
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Expression  of  DNA-PKcs  and  other  NHEJ  repair  proteins  has  been  studied  in  Hs  574.T 
cells  by  immunocytochemistry  and  Western  immunoblot  assay  using  available  antibodies 
specific  for  each  NHEJ  protein.  The  expression  of  DNA-PKcs  and  both  Ku  proteins  were  found 
to  be  comparable  to  expression  in  other  human  cell  lines  including  HeLa  and  M059K  (Figure  2). 
The  DNA-PK  activity  in  these  cells  was  assayed  and  also  was  found  to  be  comparable  to  that  in 
other  human  cell  lines  (Figure  3).  These  data  suggest  that,  although  stromal  cells  are  negative  in 
DNA-PKcs  expression  in  vivo,  they  acquire  a  DNA-PKcs  positive  phenotype  when  grown  in 
culture.  This  result  is  consistent  with  the  observation  that  proliferating  cells  show  higher  levels  of 
DNA-PKcs  than  resting  cells  (Kubota  et  al.,  1998;  Erikson  et  al.,  2000)  and  that  stromal  cells  in 
vivo  are  terminally  differentiated  (non-dividing).  To  determine  if  the  corollary  is  true  in  vivo,  that 
is  if  DNA-PKcs  is  low  in  resting,  terminally  differentiated  breast  tissue,  we  propose  to  analyze 
the  epithelial  as  well  as  the  stromal  cells  in  breast  tissue  sections  from  post-menopausal  (vs.  pre¬ 
menopausal)  women  where  the  major  part  of  this  gland  should  be  at  rest  and  in  a  non¬ 
proliferating  state,  i.e.  the  cells  are  terminally  differentiated  and  have  stopped  dividing. 

Okayasu  et  al.  (2000)  reported  that  DNA-PKcs  and  the  Ku  proteins  were  expressed  at 
lower  levels  in  mouse  breast  tissues  than  in  other  mouse  tissues.  They  further  showed  that 
BALB/c  mice,  which  are  20  times  more  susceptible  to  low-level  radiation-induced  breast  cancer 
than  most  other  mouse  strains  (e.g.  C57Black),  expressed  less  DNA-PKcs  protein  than  radiation 
resistant  mouse  strains;  however,  Ku70  and  Ku80  expression  was  similar  in  both  sensitive  and 
resistant  strains.  Furthermore,  breast  cancer  susceptibility  was  associated  with  DNA  double¬ 
strand  break  repair  capacity,  radiosensitivity  and  DNA-PKcs  expression.  More  recently,  two 
differences  in  the  amino  acid  sequence  of  DNA-PKcs  from  BALB/c  mice  compared  to  C57Black 
mice  were  discovered  (Yu  et  al.,  2001).  Although  DNA-PK  has  been  implicated  in  the  cellular 
response  to  ionizing  radiation  in  mammalian  cells  (Muller  et  al.,  1999),  no  correlation  has  yet 
been  observed  between  radiosensitivity  in  cancer  patients  and  the  expression  and  activities  of 
DNA  repair  proteins  in  the  fibroblast  cell  lines  derived  from  these  patients  (Carlomagno  et  al., 
2000).  Nevertheless,  it  was  reported  that  cell  lines  from  more  than  40  percent  of  human  breast 
cancer  patients  exhibit  increased  genome  instability  (Scott  et  al.,  1994).  The  absence  of  a 
correlation  between  NHEJ  expression  or  activity  could  be  a  consequence  of  limitations  of  the 
detection  techniques  used  in  the  studies  (immunohistochemistry  and  western  blot  analysis); 
therefore,  we  propose  to  reexamine  this  issue  by  using  more  sensitive  assays  such  as  flow 
cytometric  analysis  (FACS)  and  quantitative  immunohistocytochemistry  (IHC).  Depending  on 
availability,  FACS  will  be  carried  out  on  lymphocytes  from  patients  with  different 
radiosensitivities  whereas  quantitative  IHC  will  be  carried  out  on  the  paraffin-embedded  tissue 
sections  from  these  patients.  Genomic  instability  studies  also  will  be  carried  out  on  these 
patients. 

The  mouse  studies  described  above  suggest  that  polymorphisms  in  NHEJ  genes  may 
result  in  decreased  repair  of  DNA  double-strand  breaks  and  increased  cancer  susceptibility 
through  effects  on  protein  expression,  stability  or  specific  activity.  Through  Dr.  W.  Kauffmann, 
Lineberger  Cancer  Center,  University  of  North  Carolina,  DNAs  from  EBV  immortalized 
lymphocytes  derived  from  14  breast  cancer  patients  participating  in  the  Carolina  Breast  Cancer 
Program  were  obtained.  The  lymphocytes  from  seven  of  these  individuals  exhibit  a  chromosome 
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breakage  phenotype  when  exposed  to  ionizing  radiation  in  the  G2  phase  of  the  cell  cycle  (see 
Scott  et  al.,  1994),  while  the  remaining  seven  do  not.  Using  an  ABI  3100  automated  DNA 
sequencer,  both  strands  of  PCR  segments  corresponding  to  each  of  the  thirteen  exons  of  the 
Ku70  gene  from  these  14  individuals  were  sequenced.  No  polymorphisms  were  identified  that 
altered  the  amino  acid  sequence  of  Ku70,  indicating  that  polymorphisms  in  Ku70  are  not 
responsible  for  the  breast  cancer-related  radiation  sensitivity  phenotype.  Similar  analyses  of  the 
21  exons  of  Ku80  and  the  86  exons  of  DNA-PKcs  are  in  progress. 

Through  other  resources,  antibody  reagents  for  analyzing  posttranslational  modifications 
to  the  p53  tumor  suppressor  protein  have  been  developed.  Analysis  of  p53  from  oncogenic  Ras 
transformed  human  IMR-90  human  normal  lung  fibroblasts  demonstrated  phosphorylation  on 
Ser33  and  Ser46,  indicative  of  phosphorylation  by  p38  MAPK.  Overexpression  of  Wipl,  a  p53 
induced  protein  phosphatase  that  inactivates  p38  MAPK,  decreased  p53  phosphorylation  at  Ser33 
and  Ser46  and  partially  reversed  Ras-induced  senescence.  Analysis  of  64  human  tumor  lines 
showed  that  the  Wipl  gene,  PPM1D,  at  17q22/23  was  amplified  in  several  breast  tumor  cell 
lines.  Thirty-seven  of  326  primary  breast  tumors  (11.3%)  also  exhibited  PPM1D  amplification, 
suggesting  that  p53  inactivation  through  PPM1D  amplification  and  overexpression  may 
contribute  to  the  development  of  human  breast  cancer.  These  studies  were  reported  in  Nature 
Genetics. 


Key  Research  Accomplishments 

•  Rexamined  expression  of  DNA-PKcs  ,  Ku80  and  other  NHEJ  components,  including 
XRCC4,  DNA  ligase  IV  and  NBS1/MRE11  in  epithelial  cells  from  resting  human  breast 
tissue;  each  protein  was  expressed  at  similar,  readily  detectable  levels. 

•  Examined  expression  of  NHEJ  components  in  stromal  cells  from  resting  and  lactating  human 
breast  tissue;  none  were  expressed. 

•  Identified  a  human  breast  stromal  cell  line  in  which  expression  of  DNA  repair  proteins  could 
be  examined  to  determine  if  reduced  expression  of  NHEJ  proteins  is  recapitulated. 

•  Studied  expression  of  DNA-PKcs  and  Ku80  in  cultured  stromal  cells  as  well  as  other  human 
cell  lines;  expression  was  comparable  to  that  found  in  other  human  cell  lines. 

•  DNA-PK  activity  was  assayed  in  cultured  stromal  cells,  which  also  was  found  to  be 
comparable  to  that  found  in  other  human  cell  lines. 

•  Showed  no  correlation  between  polymorphisms  in  Ku70  and  radiation  induced  chromosome 
breakage  phenotype. 

•  Determined  an  absence  of  polymorphisms  in  KU70  from  lymphocytes  of  breast  cancer 
patients  with  and  without  a  DNA  breakage  phenotype. 

•  Identified  PPM  ID,  the  gene  for  the  Wipl  phosphatase,  as  a  gene  frequently  amplified  in 
breast  cancer  patients  with  wildtype  TP53. 
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Reportable  Outcomes 


•  Differential  expression  of  DNA  double-strand  break  repair  proteins  in  human  breast 
cells  -  M.  Tawde,  P.  Friemuth,  C.  Anderson.  Abstract  sent  for  poster  presentation  at  the  Era 
of  Hope  DoD  Breast  Cancer  Research  Program  meeting  being  held  at  Orlando,  FL  on 
September  25-28,  2002. 

•  Differential  expression  of  DNA  double-strand  break  repair  proteins.  Manuscript  in 
preparation. 

•  Amplification  of  PPM1D  in  human  tumors  abrogates  p53  tumor  suppressor  activity. 

D. V.  Bulavin,  O.N.  Demidov,  S.  Saito,  P.  Kauraniemi,  C.  Phillips,  S.A.  Amundson,  C. 
Ambrosino,  G.  Sauter,  A.R.  Nebreda,  C.W.  Anderson,  A.  Kallioniemi,  A.J.  Fomace,  Jr.,  and 

E.  Appella.  Nat  Genet  31:  210  (2002). 

Conclusions 

Both  resting  as  well  as  lactating  breast  tissue  sections  of  normal  women  showed  strong 
expression  of  DNA-PK,  Ku70/80,  XRCC-4,  DNA  Ligase  IV  as  well  as  NBS1  and  MRE11  in 
epithelial  cells.  The  stromal  cells  in  these  tissue  sections  were  found  to  be  devoid  of  or  to  express 
low  levels  of  each  of  these  proteins.  Although  stromal  cells  in  tissue  sections  showed  low  DNA- 
PK  expression,  when  cultured  in  vitro  they  exhibited  moderate  expression  levels  and  activity. 
Proliferating  cells  exhibit  higher  DNA-PK  expression  and  activity  compared  with  non¬ 
proliferating  or  resting  cells. 
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Appendix  I 


DAM17-00-1-0168 
Carl  W.  Anderson 


Figure  1.  Expression  of  NHEJ  repair  proteins  in  human  breast  tissue.  (A)  DNA- 
PKcs  and  (B)  Ku80  in  resting  breast  tissue.  Note  that  the  stromal  cells,  indicated  by 
arrows,  are  negative.  Tissues  came  from  the  routine  pathology  archives  of  the 
department  of  Pathology,  University  Hospital  at  SUNY  Stony  Brook.  After  biopsy  or 
resection,  the  tissues  were  fixed  in  10%  formalin  for  upto  18  h  and  processed  for  light 
microscopy  by  standard  methods.  Immunohistochemical  staining  was  as  described  in 
Moll  et  al.  (1999).  Briefly,  4  pm  paraffin  sections  were  deparaffinized  by  microwaving 
sections  in  100  mM  citric  acid  buffer,  pH  6.0  for  5  min,  6  times.  Sections  then  were 
treated  with  0.3%  H202  /  methanol  to  quench  endogenous  peroxidase  activity.  After 
blocking  with  10%  normal  goat  serum,  sections  were  incubated  at  4°C  overnight  with 
primary  antibody  in  2%  bovine  serum  albumin/phosphate  buffered  saline.  Biotinylated 
goat  anti-mouse  or  goat  anti-rabbit  secondary  antibodies  and  streptavidin/biotin  complex 
were  applied  for  30  min  each  (ZYMED,  San  Francisco  CA),  followed  by  8  min 
incubation  in  diaminobenzidine  substrate  and  extensive  washing.  Sections  were  lightly 
counter-stained  in  hematoxylin  and  mounted  under  a  coverslip.  Sections  were 
photographed  with  a  Nikon  photomicroscope. 
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Appendix  I 


DAM17-00-1-0168 
Carl  W.  Anderson 


Figure  2.  Expression  of  NHE  J  repair  proteins  in  cultured  human  cell  lines.  DNA-PK  in  A) 
HeLa;  B)  M059K;  C)  M059J  and  D)  Hs  574.T  cells.  Ku-80  in  E)  HeLa  and  F)  Hs  574.T  cells. 
M059J  cells  lack  DNA-PKcs  protein  due  to  a  mutation  in  the  PRKDC  gene.  Methods  are  as 
described  in  Fig  1.  Similar  results  were  obtained  for  XRCC4,  Ligase  IV  and  the 
NBS1/Rad50/MRE1 1  complex  proteins  (data  not  shown). 
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Carl  W.  Anderson 


HeLa  MQ59K  MQ59J  Hs  574.T 


Figure  3.  DNA-PK  activity  in  different  human  cell  lines.  DNA-PK  activity  assayed  in  HeLa, 
M059K,  M059J  and  Hs  574.T  cells  by  the‘DNA  pull-down’  assay  (Achari  et  al.  1999).  Whole 
cell  extracts  were  prepared  by  a  modification  of  the  method  of  Finnie  et  al.(1995).  Briefly  107 
cells  were  harvested,  washed  3  times  in  PBS  and  the  cell  pellets  were  frozen  at  -80°C.  Frozen 
cell  pellets  were  resuspended  in  LSB  pH  7.2  (lOmM  HEPES,  25mM  KC1,  lOmM  NaCl,  ImM 
MgCl2  O.lmM  EDTA)  containing  O.lmMDTT  and  0.2mM  PMSF  and  centrifuged  at  1,000  x  g 
for  10  min.  The  pellets  were  resuspended  again  with  2.5  x  the  packed  cell  volume  of  LSB  and 
incubated  on  ice  for  10  min  to  allow  the  cells  swell;  they  were  then  frozen  by  plunging  them 
into  liquid  N2.  The  cell  extracts  were  then  quick  thawed  at  37°C  in  the  presence  of  protease 
inhibitors  (0.5mM  PMSF,  2  pg/ml  each  leupeptin  and  aprotinin),  200pl  were  removed  and 
adjusted  to  0.5M  NaCl,  lOmM  MgCl2by  the  addition  of  22  pi  5M  NaCl,  lOOmM  MgCl2,  5mM 
DTT  (Extraction  Buffer,  ExB).  Extracts  were  incubated  on  ice  for  3  min  and  then  centrifuged  at 
10,000  x  g  for  3min  at  4°C.  Supernatants  were  removed  and  the  pellets  were  extracted  with  40 
pi  of  1/10  dilution  of  ExB  (in  50mM  HEPES,  pH  7.5)  and  pooled  with  the  first  supernatant. 
These  whole  cell  extracts  were  then  aliquoted,  quick  frozen  and  stored  at  -80°C  until  assayed. 
Protein  concentrations  were  determined  by  the  Bradford  assay  using  BSA  as  a  standard,  and  cell 
extracts  equivalent  to  0.5  mg  protein  were  incubated  with  50  pi  preswollen  dsDNA-cellulose 
beads  (Amersham  Pharmacia  Biotech,  Piscataway,  NJ)  for  30  min  at  4°C.  The  dsDNA-cellulose 
was  washed  three  times  with  1  ml  of  buffer  A  (25  mM  HEPES,  pH  7.9,  50  mM  KC1,  10  mM 
MgCl2,  5%  (v/v)  glycerol,  0.5  mM  EDTA,  0.25  mM  EGTA,  and  1  mM  DTT)  before  it  was 
resuspended  in  50  pi  distilled  water;  then  assays  were  performed  using  the  SignaTECT  DNA- 
PK  assay  system  (Promega,  Madison,  WI).  Kinase  reactions  were  conducted  with  6-12pl 
aliquots  of  the  resuspended  DNA-PK-absorbed  cellulose  beads  and  were  performed  in  both  the 
presence  and  absence  of  a  biotinylated  DNA-PK  p53-derived  substrate  peptide.  Terminated 
reactions  were  analyzed  by  spotting  onto  SAM2  membranes,  washing,  and  counting  the 
incorporated  radioactivity  in  a  scintillation  counter  as  per  the  manufacturer’s  instructions.  All 
assays  were  performed  in  duplicate  with  at  least  three  different  extract  preparations.  The  kinase 
activity  was  normalized  to  total  protein  content.  Results  shown  are  from  a  representative  of 
three  experiments. 
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DNA  double-strand  break  (DSB)  repair  is  critical  for  cell  survival  and  for  preventing 
genomic  rearrangements  that  lead  to  cancer.  In  mammalian  cells,  non-homologous  end 
joining  (NHEJ),  which  requires  the  DNA-dependent  protein  kinase  complex  (DNA-PKcs, 
Ku70,  Ku80),  XRCC4  and  Ligase  IV,  is  the  major  pathway  for  DSB  repair.  In 
vertebrates,  DNA-PKcs,  the  catalytic  component  of  DNA-PK,  is  an  essential  pathway 
component. 

Recent  studies  of  mice  found  lower  levels  of  DNA-PKcs  expression  in  breast  tissue 
compared  to  other  mouse  tissues.  Furthermore,  BALB/c  mice,  which  are  20  times  more 
susceptible  to  low  dose  radiation-induced  breast  cancer  than  the  most  other  mouse  strains 
(eg.  C57B1/6),  expressed  less  DNA-PKcs  protein  than  radiation-resistant  strains.  Thus, 
breast  cancer  susceptibility  has  been  associated  with  DNA  DSB  repair  capacity, 
radiosensitivity  and  DNA-PKcs  expression.  Cell  lines  from  more  than  40  %  of  cancer 
patients  exhibit  increased  genomic  instability.  However  no  correlation  has  yet  been  made 
between  radiosensitivity  in  cancer  patients  and  the  expression  and  activities  of  DNA 
repair  proteins  in  fibroblast  cell  lines  derived  from  these  patients. 

Our  earlier  studies  showed  that  DNA-PKcs  was  differentially  expressed  in  normal  and 
malignant  human  tissues,  with  highest  levels  in  neurons  and  glial  cells  and  lowest  in  liver 
and  resting  breast  tissues.  All  tissues  showed  similar  mRNA  content  for  the  protein 
suggesting  the  poor  expression  of  DNA-PK  could  result  from  post-transcriptional 
mechanisms  rather  than  transcriptional  regulation.  When  the  above  observations  were 
recapitulated  by  studying  selected  human  tissue  sections  by  immunohistochemistry  (IHC) 
for  expression  of  the  NHEJ  proteins,  a  striking  cell-to-cell  specificity  was  observed. 
Epithelial  cells  showed  strong  staining  while  stromal  cells  exhibited  very  little  NHEJ 
protein  expression.  To  model  these  in-vivo  findings  in-vitro,  a  cell  line  of  breast  stromal 
origin  (Hs  574.T;  ATCC  CRL-7345)  is  being  characterized  for  expression  of  all  NHEJ 
repair  proteins  by  immunohistochemistry,  immunofluorescence,  and  immunoblotting 
using  prepared  and  commercial  antisera  specific  for  each  of  the  NHEJ  proteins. 
Preliminary  studies  have  shown  lower  activity  but  comparable  expression  of  DNA-PKcs 
and  the  Ku  subunits  in  this  cell  line.  The  XRCC4/Lig  IV  activity,  and  the  genome 
instability  of  these  cells  also  is  under  investigation.  Cell  lines  derived  from  breast  tumors 
are  being  examined  for  polymorphisms  in  the  coding  sequences  of  the  NHEJ  genes. 

Supported  by  the  U.S.  Army  Medical  Research  and  Material  Command  under  DAMD17- 
00-1-0168. 
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Expression  of  oncogenic  Ras  in  primary  human  cells  activates 
p53,  thereby  protecting  cells  from  transformation.  We  show 
that  in  Ras-expressing  IMR-90  cells,  p53  is  phosphorylated  at 
Ser33  and  Ser46  by  the  p38  mitogen-activated  protein  kinase 
(MAPK).  Activity  of  p38  MAPK  is  regulated  by  the  p53- 
inducible  phosphatase  PPM  ID,  creating  a  potential  feedback 
loop.  Expression  of  oncogenic  Ras  suppresses  PPM  ID  mRNA 
induction,  leaving  p53  phosphorylated  at  Ser33  and  Ser46  and 
in  an  active  state.  Retrovirus-mediated  overexpression  of 
PPM  ID  reduced  p53  phosphorylation  at  these  sites,  abrogated 
Ras-induced  apoptosis  and  partially  rescued  cells  from  cell- 
cycle  arrest.  Inactivation  of  p38  MAPK  (the  product  of  Mapk14) 
in  vivo  by  gene  targeting  or  by  PPM1D  overexpression  expe¬ 
dited  tumor  formation  after  injection  of  mouse  embryo  fibrob¬ 
lasts  (MEFs)  expressing  EIA+Ras  into  nude  mice.  The  gene 
encoding  PPM1D  {PPM1D,  at  17q22/q23)  is  amplified  in  human 


breast-tumor  cell  lines  and  in  approximately  11%  of  primary 
breast  tumors,  most  of  which  harbor  wildtype  p53.  These  find¬ 
ings  suggest  that  inactivation  of  the  p38  MAPK  through 
PPM1D  overexpression  resulting  from  PPM1D  amplification 
contributes  to  the  development  of  human  cancers  by  sup¬ 
pressing  p53  activation. 

Activation  of  the  p53  tumor-suppressor  protein  by  different 
stresses  causes  cell-cycle  arrest  and  apoptosis1*2,  or  may  result  in 
a  permanent  cell-cycle  arrest  that  is  indistinguishable  from 
senescence3,4.  Whereas  transient,  p53-dependent  cell-cycle  arrest 
after  genotoxic  stress  may  provide  additional  time  for  DNA 
repair,  apoptosis  and  senescence  contribute  to  the  suppression  of 
tumor  induction.  A  distinct  premature  senescence  is  induced  in 
primary  cells  in  response  to  super-mitogenic  signals  such  as  the 
expression  of  oncogenic  HRAS.  In  primary  mouse  cells,  Ras- 
induced  cell-cycle  arrest  is  completely  dependent  on  p53;  how- 
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Fig.  1  Human  p53  is  phosphorylated  at  Ser33  and  Ser46  after  H-rasV12  infection,  a,  Proliferation  of  IMR-90  cells  after  no  treatment,  exposure  to  UV-C  light  or 
infection  with  pBabe  retroviruses  expressing  either  a  puromycin-resistance  gene  alone  (puro)  or  H-rasV12  (Ras)  was  analyzed  with  MTS  reagent.  Average  values 
from  three  independent  experiments  are  shown,  b,  Western  biot  showing  p53  phosphorylation  in  IMR-90  cells,  using  phospho-  or  acetyl-specific  polyclonal  anti¬ 
bodies  after  immunoprecipitation  from  extracts.  Asterisks  indicate  nonspecific  bands. 
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ever,  for  human  cells,  additional  mechanisms  are  involved3’4. 
Nevertheless,  oncogenic  Ras  activates  p53-dependent  transcrip¬ 
tion  in  human  cells,  indicating  the  existence  of  pathways  that 
modulate  p53  activity  during  hyperproliferative  stimulation5. 
Increased  p53  protein  levels  after  hyperproliferative  stimulation 
requires  the  pl4ARF  protein6’7,  which  sequesters  MDM2,  thus 
permitting  p53  accumulation.  However,  oncogenic  Ras  did  not 
induce  pl4ARF  accumulation  in  human  diploid  fibroblasts  such 
as  IMR-90  (ref.  7).  Analysis  of  the  p53  post-translational  modifi¬ 
cations  that  are  required  for  its  full  activation1  should  therefore 
contribute  to  understanding  the  effects  of  oncogenic  Ras  in  nor¬ 
mal  human  cells. 

Treatment  of  IMR-90  primary  human  lung  fibroblasts  with 
UV  light  (10  J/m2)  resulted  in  substantial  apoptosis  (up  to  50% 
of  cells)  during  the  first  24  hours  (data  not  shown),  and  subse¬ 
quent  arrest  of  cell-cycle  progression  that  lasted  for  at  least  3  days 
(Fig.  la).  By  the  fifth  day  after  exposure,  however,  these  cells  reini¬ 
tiated  cell-cycle  progression,  as  determined  by  analysis  of  cell 
growth  rates  and  the  number  of  cells  in  S  phase.  Cells  infected 
with  an  oncogenic  H-rasV  12-expressing  retrovirus  vector  rapidly 
arrested  cell-cycle  progression  (Fig.  la),  but,  in  contrast  to  UV- 
irradiated  cells,  these  cells  never  reinitiated  growth  and  thus 
became  prematurely  senescent,  as  confirmed  by  positive  staining 
for  senescence  associated  p-galactosidase  (data  not  shown). 


The  p53  protein  is  a  crucial  component  of  both  DNA-damage 
and  oncogene-induced  responses;  the  different  outcomes  may 
result  from  differences  in  post-translational  modifications  induced 
by  each  stimulus.  However,  the  post-translational  modifications  to 
p53  after  overexpression  of  H-rasV12  have  not  been  fully  character¬ 
ized.  Using  a  panel  of  antibodies  specific  for  phosphorylated  or 
acetylated  p53,  we  found  that  UV-irradiated  IMR-90  cells  accumu¬ 
lated  p53  that  was  modified  at  most  known  sites,  except  Thrl8, 
Ser20  and  Ser37  (see  Fig.lt  and  Web  Fig.  A  online).  By  contrast, 
although  retrovirus-mediated  expression  of  H-rasV12  induced  p53 
accumulation,  in  this  case  p53  was  phosphorylated  at  two  sites, 
Ser33  and  Ser46.  These  sites  previously  were  shown  to  be  phospho¬ 
rylated  by  p38  MAPK  after  exposure  to  UV  light8’9.  Mutations  that 
resulted  in  changes  of  both  serines  to  alanine,  inactivation  of  the 
p38  MAPK  with  a  chemical  inhibitor  or  overexpression  of  the  p38 
MAPK-specific  phosphatase,  PPM1D,  have  been  shown  to  signifi¬ 
cantly  reduce  p53-dependent  transcription  and  apoptosis8,9.  The 
pattern  of  p53  modifications  in  IMR-90  cells  after  infection  with  an 
H-rasV12-expressing  retrovirus  was  substantially  different  from 
that  reported  for  replicative  senescence,  in  which  increased  phos¬ 
phorylation  was  also  observed  at  Seri 5  and  Thrl8  (ref.  10).  In  con¬ 
trast  to  a  previous  report3,  we  did  not  observe  significant 
phosphorylation  at  Seri 5  of  p53.  The  increased  phosphorylation 
at  amino-terminal  sites  observed  in  replicative  senescence  could 


d 


e 


puro 


H-ras  puro+PPMiD  H-ras+PPMiD 


Fig.  2  Overexpression  of  PPM  ID  abrogates  apoptosis  and  partially  reverses  H-rasV12-induced  cell-cycle  arrest  in  IMR-90  cells,  a,  Northern  blot  showing  PPM  ID 
mRNA  levels  in  IMR-90  cells  after  exposure  to  UV  light,  control  retroviral  infection  (puro)  or  retrovirus-mediated  H-rasV12  expression.  GAPD  expression  served  as 
a  control,  b,  Analysis  of  p38  MAPK  phosphorylation  and  activity,  c.  Retrovirus-mediated  expression  of  the  PPM  ID  phosphatase  induced  by  H-rasV12  resulted  in 
decreased  p53  phosphorylation  at  Ser33  and  Ser46,  as  shown  using  phospho-specific  antibodies  after  p53  immunoprecipitation  from  total  cell  protein  extracts. 
The  p53  protein  from  A549  cells  exposed  to  UV  light  served  as  a  positive  antibody  control,  d,  PPM1D  overexpression  partially  reversed  H-rasV12-induced  senes¬ 
cence.  Cell  number  was  measured  as  in  Fig.  la  after  retrovirus  infection  of  wildtype  MEFs  with  vector  (puro),  virus  expressing  H-rasV12,  vector  and  virus  express¬ 
ing  PPM  ID  (puro+PPMID)  or  virus  expressing  H-rasV12  and  PPM  ID.  e,  The  number  of  cells  in  S  phase  was  analyzed  after  pulse-labeling  with  BrdU  on  day  3  after 
selection  with  puromycin.  Apoptosis  was  analyzed  after  harvesting  cells  (see  Methods).  Percent  apoptosis  was  determined  from  the  cells  in  the  bottom  right  (Pl- 
negative,  annexin  V-positive  cells,  'early'  apoptosis)  and  top  right  (Pl-positive,  annexin  V-positive  cells,  'late'  apoptosis)  areas. 
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result  from  the  creation  of  uncapped  telomeres,  which  may 
induce  a  DNA  damage-like  modification  pattern  through  activa¬ 
tion  of  kinases  involved  in  response  to  genotoxic  stress.  Our  find¬ 
ing  that  primarily  Ser33  and  Ser46  of  p53  were  phosphorylated 
after  infection  by  an  H-rasVl 2-expressing  retrovirus  suggests  that 
many  of  the  kinases  activated  in  response  to  genotoxic  stress  are  not 
activated  in  this  case. 

To  inactivate  p53  and  re-initiate  cell-cycle  progression  after 
stress,  cells  must  have  mechanisms  that  inactivate  stress-activated 
kinases.  It  has  been  suggested9  that  activation  of  the  p38  stress 
kinase  is  inhibited  by  the  action  of  PPM  ID  phosphatase.  PPM  ID 
expression  is  induced  in  response  to  genotoxic  stress  in  a  p53- 
dependent  manner11;  thus,  exposure  of  IMR-90  cells  to  UV-light 
induced  PPM  ID  mRNA  accumulation,  with  maximum  expres¬ 
sion  at  24  to  28  hours  (Fig.  2a).  This  maximum  correlated  with 
the  decrease  of  phosphorylation  of  p53  at  Ser33  and  Ser46  to 
basal  levels  by  48  hours  after  UV  treatment.  In  contrast  to  the 
dynamic  changes  in  the  phosphorylation  of  Ser33  and  Ser46  in 
response  to  UV  light,  after  H-rasV12  infection  phosphorylation 
at  these  sites  was  constant  (Fig.  1  b),  consistent  with  continuous, 
steady-state  phosphorylation  by  activated  p38  MAPK.  However, 
no  change  was  observed  in  the  level  of  PPM1D  mRNA  (Fig.  2a) 
after  infection  by  the  H-rasV12-expressing  retrovirus,  despite 
the  fact  that  p53  is  activated  under  these  conditions.  Thus, 
another  mechanism  must  prevent  activation  of  PPM  ID  tran¬ 
scription  after  Ras  overexpression,  although  it  is  not  regulated  by 
the  Raf/MEKl/Erk  pathway,  as  treatment  of  IMR-90  cells  with 


Table  1  •  Effect  of  PPM1D  on  oncogene  transformation* 


Genotype 

Retrovirus 

Growth  in  soft  agarb 

wildtype 

puro 

- 

H-rasV12 

- 

Neu 

- 

Myc 

- 

PPM  ID 

- 

H-rasV12  +  PPM  ID 

+ 

Neu  +  PPMID 

+ 

Myc  +  PPM  ID 

+ 

Ras  +  Myc 

++ 

Ras  +  Neu 

+ 

TrpSF1- 

puro 

- 

H-ras  VI 2 

++ 

PPM  ID 

- 

H-rasV12  +  PPM1D 

++ 

Neu 

+++ 

Myc 

+++ 

aColony  formation  in  0.5%  soft  agar  was  determined  3  wk  after  infection  of 
wildtype  or  Trp5 MEFs  with  the  indicated  retroviral  vectors.  bColonies  were 
scored  as:  +,  10-30  colonies;  ++,  30-100;  +++,  greater  than  100  per  well  of  a  six- 
well  plate  (see  Methods). 


the  MEK1  inhibitor,  PD98059,  did  not  induce  PPM1D  mRNA 
accumulation  (data  not  shown).  Nevertheless,  we  considered 
whether  PPM  ID  overexpression  could  overcome  oncogenic  Ras- 
induced  responses. 

First,  we  examined  the  effect  of  PPM  ID  expression  on  p38 
MAPK  activity  and  the  phosphorylation  of  human  p53  at  Ser33 
and  Ser46,  sites  modified  by  the  p38  MAPK  kinase.  We 


a 


d 


Fig.  3  PPM  ID  phosphatase  functions  in  the  p38  MAPK/p53  pathway  to  regulate  transformation  in  vivo,  a,  Early-passage  (passage  2  or  3)  wildtype  or  Mapk14+ 
MEFs  were  infected  with  El  A  and  H-Ras-expressing  retroviruses,  and  cell  proliferation  was  analyzed  using  the  MTS  test,  b,  BALB/CanNCr-nu  male  mice  at  6-8  wk 
were  injected  subcutaneously  with  wildtype  (right  side)  or  Mapk14~,~  (left  side)  MEFs  expressing  El  A  and  H-ras.  Four  weeks  later,  mice  were  killed  and  the  tumors 
were  weighed,  c,  Results  of  the  same  experiment  as  in  b ,  carried  out  with  cells  expressing  MYC  and  H-rasV12  oncogenes,  d,  Same  as  a,  but  MEFs  were  Infected 
with  HPV-16  E6  to  inactivate  p53  and  then  with  El  A  and  H-ras.  Tumor  size  (right  panel)  was  analyzed  16-20  d  after  injection,  e,  Same  as  a,  but  MEFs  were 
infected  with  PPM  ID  expressing  virus  to  inactivate  p38  MAPK  and  then  with  El  A  and  H-rasV12  virus.  Tumor  size  (right  panel)  was  analyzed  four  weeks  later. 
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Fig.  4  PPM1D  amplification,  mes¬ 
senger  RNA  accumulation  and  p38 
MAPK  activation,  a.  Northern  blot 
showing  level  of  PPM1D  mRNA, 
compared  with  level  of  GAPD 
mRNA,  in  human  tumor  cell  lines. 

b.  Southern  blot  showing  amplifi¬ 
cation  of  PPM1D  after  digestion  of 
genomic  DNA  with  Pvt/ll.  The  same 
blot  then  was  probed  with  the 
PPP1R15A  cDNA  to  provide  a  sin¬ 
gle-copy  gene  internal  control. 

c.  Activation  of  p38  MAPK  in  breast 
cell  lines  with  (BT474  and  MCF7)  or 
without  (MDA-MB436)  PPM1D 
amplification  30  min  after  irradia¬ 
tion  of  cells  with  different  doses  of 
UV-C  light,  determined  as  in  Fig.  2b. 

d.  BAC  clone  RP11-634F5,  repre¬ 
senting  PPM  ID,  was  labeled  with 
SpectrumOrange-dUTP  and  hybrid 
ized  to  a  tissue  microarray  contain¬ 
ing  primary  breast  tumor  speci¬ 
mens18.  An  example  of  a  tumor 
specimen  with  PPM1D  amplifica¬ 
tion  (red  signals)  is  shown.  The 
nuclei  were  stained  with  4\6- 
diamidino-2-phenylindole  (blue). 


observed  inactivation  of  p38  MAPK  in  Ras- containing  cells 
after  overexpression  of  PPM1D  phosphatase  (Fig.  2b).  The  lev¬ 
els  of  PPM1D  mRNA  were  5.3  to  7.1  times  higher  in  PPM1D- 
infected  IMR-90  cells  (data  not  shown).  The  p53  protein 
immunoprecipitated  from  IMR-90  cells  that  were  co -infected 
with  retroviruses  expressing  H-rasV12  and  PPM  ID  showed  lit¬ 
tle,  if  any,  phosphorylation  at  Ser33  or  Ser46,  compared  with 
cells  infected  with  the  H-rasVl  2-expressing  virus  alone  (Fig.  2c). 
In  agreement  with  previously  published  data11,  we  found  that 
PPM  ID  phosphatase  did  not  directly  dephosphorylate  p53  at 
Ser33  and  Ser46  in  vitro ,  indicating  that  the  in  vivo  effect  of 
PPM  ID  on  p53  phosphorylation  is  indirect  and  results  from  inac¬ 
tivation  of  p38  MAPK.  Unexpectedly,  the  p38  MAPK  chemical 
inhibitor,  SB202190,  which  inhibits  two  of  the  p38  MAPK  iso¬ 
forms  (a  and  p),  failed  to  reduce  p53  phosphorylation  at  Ser33 
and  Ser46  in  IMR-90  cells  expressing  H-rasV12  (data  not  shown). 
Similar  results  were  described  previously  for  the  UV- induced 
phosphorylation  of  p53  at  Ser46  (ref.  9),  indicating  a  role  for 
SB202190-insensititive  isoforms  of  p38  in  regulating  p53  phos¬ 
phorylation.  H-rasV12  and  PPM  ID  co-infected  cells  also  showed 
an  intermediate  growth  rate,  compared  with  IMR-90  cells 
infected  either  with  a  control  retrovirus  expressing  only  a 
puromycin-resistance  gene  (puroT)  or  with  the  PPMlD-express- 
ing  virus  alone  (Fig.  2d).  Further  analysis  of  BrdU-positive  cells 
revealed  that  PPM  ID  overexpression  only  partially  prevented 
Ras-induced  cell-cycle  arrest  (Fig.  2c);  however,  oncogene- 
induced  apoptosis  was  almost  completely  abrogated  in  IMR-90 
cells  expressing  PPM  ID  and  Ras  (Fig.  2c).  Thus,  expression  of 
PPM  ID  in  IMR-90  ceils  abrogated  p53  phosphorylation  at  Ser33 
and  Ser46,  protected  cells  from  Ras-induced  apoptosis  and  also 
partially  prevented  cell-cycle  arrest  induced  by  H-rasV12,  which 
is  consistent  with  the  fact  that  this  arrest  is  only  partially  depen¬ 
dent  on  p53  in  human  ceils3,4. 

Proteins  that  inactivate  p53  are  potential  proto-oncogenes.  To 
determine  whether  PPM1D  has  oncogenic  potential,  we  co¬ 
infected  retroviruses  containing  PPM1D  and  different  onco¬ 
genes,  including  H-rasV12 ,  MYC  or  NEU1 ,  into  wildtype  MEFs 
and  then  analyzed  anchorage-independent  growth  and  ability  to 
form  foci  in  soft  agar  (see  Table  1  and  Web  Fig.  B  online).  In  both 


assays,  PPM1D  complemented  H-rasV12  for  transformation  of 
wildtype  MEFs,  confirming  that  PPM1D  is  a  proto-oncogene. 
Overexpression  of  PPM  ID  also  complemented  MYC  and  NEU1 
(Table  1),  indicating  the  potential  importance  of  PPM  ID  for  a 
wider  range  of  tumors. 

One  mechanism  through  which  PPM  ID  may  function  in 
combination  with  Ras  is  by  preventing  activation  of  p38  MAPK 
(Fig.  2b)9.  The  p38  MAPK  protein  is  involved  in  several  growth 
inhibitory  activities,  as  it  regulates  cyclin  D  levels,  p53  activa¬ 
tion  and  the  activity  of  Cdc25B  phosphatase8,12.  Inactivation  of 
the  kinase  by  PPM  ID  would  thus  prevent  p38  MAPK-medi- 
ated  growth  inhibition.  To  characterize  the  pathway  that  is  cru¬ 
cial  for  PPM  ID-induced  transformation  in  vitro ,  we  considered 
whether  PPM1D  could  transform  Trp53~f~  MEFs,  as  was  the 
case  for  H-rasVl 2  expression.  However,  neither  colony  forma¬ 
tion  nor  growth  in  soft  agar  (see  Table  1  and  Web  Fig.  B  online) 
was  observed  after  infection  of  Trp53~f~  MEFs  with  PPM1D- 
expressing  virus,  indicating  that  PPM  ID  overexpression  did 
not  cause  cell  transformation.  This  result  suggests  that  p53  and 
PPM  ID  function  in  the  same  pathway  for  cell  transformation 
and  supports  the  idea  that  p53  is  a  primary  target  for  PPM  ID  in 
the  induction  of  in  vitro  transformation  caused  by  H-rasVI2. 

As  escape  from  cell-cycle  arrest,  apoptosis  and  senescence 
controls  are  required  for  oncogene-induced  cellular  transfor¬ 
mation  in  vivo,  we  examined  the  effect  of  PPM  ID  expression 
on  the  tumorigenic  potential  of  Mapkl4~f~  MEFs.  Wildtype  and 
Mapkl4~{~  MEFs  were  infected  with  retroviruses  encoding  the 
adenovirus  E1A-12S  gene  and  activated  H-rasV12.  Co- expres¬ 
sion  of  both  oncogenes  results  in  few,  if  any,  tumors  after  injec¬ 
tion  of  wildtype  MEFs  into  nude  mice.  However,  if  p53  activity 
is  suppressed,  tumor  formation  is  facilitated13.  Expression  of 
E1A  and  Hras  mRNA,  as  quantified  by  dot-blot  hybridization, 
was  similar  for  both  wildtype  and  Mapkl4~{~  retrovirus- 
infected  MEF  cells  (data  not  shown),  as  were  their  growth  rates 
in  culture  (Fig.  3 a).  We  found  relatively  few  tumors  when  wild- 
type  cells  expressing  both  oncogenes  were  injected  into  nude 
mice  (5  tumors/ 15  mice),  but  most  animals  injected  with 
Mapkl4~!~  MEFs  expressing  both  oncogenes  developed  tumors 
(13  tumors/ 15  mice;  Fig.  3 byc).  Moreover,  the  tumors  produced 
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by  E 1  A+Ras-transformed  Mapkl4-'~  MEFs  were  substantially 
larger  than  those  from  mice  injected  with  El  A+Ras-transformed 
wildtype  MEFs  (Fig.  3b, c).  Similar  data  were  obtained  with  cells 
expressing  the  MYC  and  H-rasV12  oncogenes  (Fig.  3c).  These 
findings  demonstrate  that  p38a  is  required  to  suppress  tumor 
formation  in  vivo. 

If  p38  MAPK  functions  through  the  p53  tumor-supressor 
pathway,  removing  p53  through  expression  of  HPV-16  E6  should 
eliminate  the  difference  in  the  abilities  of  oncogene-expressing 
wildtype  and  Mapkl4 ~/~  MEFs  to  form  tumors.  Indeed,  when 
both  cell  types  were  infected  with  HPV-16  E6  and  then  with 
ElA+Ras  oncogenes,  no  significant  difference  in  tumor  appear¬ 
ance  and  size  was  found  between  wildtype  and  Mapkl4^~  cells 
(see  Fig.  3  d  and  Web  Fig.  C  online).  We  then  introduced  PPM  ID 
phosphatase  into  ElA+Ras  MEFs  and  monitored  tumor  forma¬ 
tion  after  injection  of  nude  mice.  Similar  to  HPV-16  E6,  overex¬ 
pression  of  PPM  ID  phosphatase  significantly  reduced  the 
difference  in  tumor  formation  between  wildtype  and  Mapkl^~ 
MEFs  (see  Fig.  3e  and  Web  Fig.  C  online).  These  data  suggest  that 
PPM  ID,  p38  MAPK  and  p53  function  in  the  same  pathway  to 
regulate  tumor  formation  in  vivo. 

To  determine  whether  PPM1D  is  required  for  tumor  suppres¬ 
sion  in  human  tissues,  we  analyzed  PPM  ID  mRNA  expression 
levels  in  64  human  tumor  cell  lines  (see  Web  Table  A  online)14. 
Compared  with  IMR-90  cells,  levels  of  PPM  ID  mRNA  were  4.7  to 
9.4  times  higher  in  the  4  breast- tumor  cell  lines  MDA-MB361, 
BT474,  MCF-7  and  KPL-1;  data  for  BT474  and  MCF-7  and  8  lines 
with  normal  PPM1D  mRNA  levels  are  shown  in  Fig.  4a.  In  all 
cases,  the  size  of  the  PPM1D  mRNA,  as  determined  by  northern- 
blot  analysis,  was  the  same  as  that  predicted  (2.9  kb),  confirming 
that  the  gene  product  is  not  grossly  altered  in  tumors.  In  addition, 
the  sequence  of  the  PPM  ID  cDNA  from  MCF7  and  several  other 
tumor  cell  lines,  obtained  after  RT-PCR  of  total  RNA,  was  unal¬ 
tered  (data  not  shown). 

We  localized  PPM1D  to  chromosome  17q22/q23  by  FISH 
analysis  (data  not  shown),  which  is  consistent  with  the  location 
of  the  gene  within  the  draft  sequence  of  the  human  genome.  The 
chromosomal  region  17q22/q24  is  frequently  amplified  in  pri¬ 
mary  breast  tumors15.  Moreover,  this  amplification  has  been 
associated  with  a  poor  prognosis  for  individuals  with  breast  can¬ 
cer,  suggesting  that  genes  affected  by  this  amplification  may  be 
important  in  breast  cancer  progression.  Southern-blot  analysis 
of  genomic  DNA  after  digestion  with  Pvull  showed  that  PPM  ID 
was  amplified  in  the  breast-cancer  cell  lines  with  elevated 
PPM  ID  mRNA  levels,  but  not  in  several  other  cell  lines  with  nor¬ 
mal  levels  of  PPM1D  mRNA  (Fig.  4b).  The  amplification  pattern 
of  the  digestion  fragments  indicates  that  the  structure  of  PPM1D 
was  not  altered  in  the  tumor  cell  lines  tested;  thus,  the  amplicons 
should  contain  several  full  copies  of  the  gene  encoding  PPM  ID. 

Consistent  with  the  role  of  PPM  ID  phosphatase  in  negative 
regulation  of  p38  MAPK  (Fig.  2b)9,  UV-induced  early  activation 
of  p38  MAPK  was  significantly  attenuated  during  the  first  30  min¬ 
utes  in  breast  cell  lines  in  which  the  PPM  ID  gene  was  amplified 
and  overexpressed  (BT-474  and  MCF7),  compared  with  a  breast 
cell  line  (MDA-MB435)  without  PPM  ID  amplification  (Fig.  4c). 
Nonetheless,  p53  in  MCF7  cells  was  still  phosphorylated  at  Ser33 
and  Ser46  after  UV  radiation,  implying  that  several  kinases  could 
regulate  phosphorylation  of  these  sites  after  DNA  damage16,17. 

To  assess  the  significance  of  PPM  ID  expression  in  human  can¬ 
cer,  we  extended  our  analysis  to  human  primary  breast  tumors  by 
determining  PPM1D  amplification  with  tissue  microarray  tech¬ 
nology18.  This  analysis  showed  that  the  PPM  ID  region  was 
amplified  in  37  of  the  326  (11.3%)  tumors  tested  (Fig.  4d).  To 
confirm  the  connection  between  PPM1D  amplification  and 
mRNA  levels,  we  quantified  the  relative  level  of  PPM  ID  mRNA 


in  total  RNA  from  1 1  tumor  samples  using  real-time  PCR.  Over¬ 
expression  of  PPM1D  mRNA  was  confirmed  for  seven  of  the 
eight  samples  containing  PPM  ID  amplification.  None  of  three 
tested  tumors  without  PPM1D  amplification  showed  an  increase 
in  PPM1D  mRNA  levels.  Subsequent  analysis  of  the  p53 
sequence  after  RT-PCR  showed  that  only  one  tumor  with  ampli¬ 
fied  PPM1D  had  a  mutation  (cgc^cac  at  codon  174;  Arg— »His), 
suggesting  that  PPM  ID  amplification  occurs  commonly  in 
tumors  containing  wildtype  p53. 

Whereas  TP53  is  inactivated  by  mutation  in  approximately 
half  of  all  human  tumors,  p53  function  is  widely  believed  to  be 
abrogated  in  most,  if  not  all,  tumors,  including  those  with  wild¬ 
type  TP53  (ref.  19).  However,  the  mechanisms  that  prevent  p53 
activation  in  these  cases  are  incompletely  characterized.  Previous 
studies  showed  that  silencing  of  CDKN2A  by  methylation20, 
deletion  of  a  portion  of  CDKN2A  (ref.  21)  or  amplification  of 
MDM2  (ref.  22)  are  common  mechanisms  responsible  for  inacti¬ 
vating  wildtype  p53  in  human  tumors.  In  addition,  p53  may  be 
kept  in  an  inactivated  state  in  some  tumors,  including  those  from 
breast,  colon  and  neural  tissues,  by  cytoplasmic  sequestration  or 
silencing  of  its  expression23,24.  Several  types  of  tumors  do  not  fall 
into  the  above  categories,  however,  suggesting  the  existence  of 
additional  mechanisms.  The  data  presented  here  indicate  that 
PPM  ID  overexpression  prevents  phosphorylation  of  p53  at 
Ser33  and  Ser46,  inhibiting  its  activation  in  H-rasV12-trans- 
fected  cells.  PPM  ID  overexpression  thus  rescues  cells  from  apop¬ 
tosis  and  partially  from  cell-cycle  arrest  induced  by  H-rasV12, 
promoting  cell  transformation  in  vitro  and  in  vivo.  In  agreement 
with  a  role  for  PPM  ID  phosphatase  as  a  positive  regulator  of 
proliferation,  cells  established  from  Pprnlct^  mice  show 
decreased  proliferation  rates25  and  have  p38  MAPK  constitu- 
tively  phosphorylated  at  activating  sites  (see  Web  Fig.  D  online). 

The  gene  PPM ID  is  amplified  and  overexpressed  in  some  human 
breast  tumors  with  wildtype  p53.  Although  we  do  not  completely 
exclude  other  possible  targets,  our  results  support  the  hypothesis 
that  PPM  ID  phosphatase  is  a  candidate  proto-oncogene  that  may 
be  involved  in  tumorigenesis  through  inactivation  of  p53.  Though 
HRAS  mutations  are  quite  rare  in  breast  cancer,  we  show  that 
PPM1D  also  complements  other  growth-promoting  oncogenes, 
including  NEU1 ,  which  is  amplified  and  overexpressed  in  about 
50%  of  breast  tumors26,  further  supporting  the  significance  of  our 
findings  with  respect  to  the  mechanisms  by  which  p53  is  inacti¬ 
vated  in  human  tumors.  Our  findings  as  well  as  those  of  Li  et  al27 
indicate  that,  similar  to  MDM2  amplification,  amplification  of 
PPM1D  contributes  to  the  development  of  human  cancer.  PPM  ID 
thus  represents  a  promising  new  target  for  cancer  therapy. 

Methods 

Cell  cultures  and  retrovirus  infection.  IMR-90  primary  cells  (ATCC 
CCL-186),  mouse  embryo  fibroblasts  (MEFs)  and  Phoenix  Eco/Ampho 
packaging  cell  lines  were  grown  in  Dulbecco’s  modified  Eagle’s  medium 
(DME)  with  10%  fetal  calf  serum  at  37  °C  in  a  humidified  atmosphere  of 
5%  COz  in  air.  Cell  lines  from  the  National  Cancer  Institute  screening 
panel14  were  grown  either  in  DME  or  RPMI  medium.  For  retrovirus 
production,  we  transfected  packaging  cells  with  the  designated  plasmids 
using  Lipofectamin2000  reagent  (GIBCO/Invitrogen)  and  infected  tar¬ 
get  cells  as  described  previously8.  We  used  cells  for  experimentation 
(day  0)  after  selection  for  4  d  in  the  presence  of  2  pg  ml-1  puromycin. 
Cell  growth  was  analyzed  using  the  MTS  reagent  (3-(4,5-dimethylthia- 
zoI-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra- 
zolim,  inner  salt,  Promega).  We  determined  the  number  of  cells  in  S 
phase  after  BrdU  labeling  as  described28. 

Plasmids.  We  cloned  PPM  ID  cDNA  into  the  PINCO  vector  using 
BamHIINotl  sites.  pBabe-puro  and  pBabe-H-rasV12  vectors  were  provid¬ 
ed  by  S.  Lowe  (Cold  Spring  Harbor  Laboratory).  The  IRES  c-myc  (human) 
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retrovirus  vector  pBabeMNIRESgfpmyc29  was  provided  by  L.Z.  Penn 
(Toronto  Univ.),  and  pBabe-c-neu  (rat)30  was  obtained  from  P.  Sicinski 
(Dana-Farber  Cancer  Institute). 

Analysis  of  p53  and  p38  phosphorylation.  We  analyzed  p53  phosphoryla¬ 
tion  after  p53  im  mu  noprecipitation  of  1  mg  of  protein  extract  as 
described31.  Affinity-purified,  phosphorylation  site-specific  antibodies 
have  been  described  or  were  purchased  from  a  commercial  supplier  (New 
England  Biolabs). 

We  analyzed  p38  MAPK  phosphorylation  using  a  phospho-specific 
antibody  that  specifically  recognizes  the  phosphorylated,  active  form  of 
p38  MAPK.  We  determined  kinase  activity  with  a  kit  that  is  specific  pri¬ 
marily  for  the  p38a  isoform  (Cell  Signaling  Technology). 

Colony  formation  assay  and  cloning  in  soft  agar.  Suppression  of  colony 
formation  was  determined  2-3  wk  after  infection  of  MEFs  in  100-mm 
dishes  with  the  designated  retroviruses.  Colonies  were  selected  with  500  pg 
ml-1  G418,  then  fixed  and  stained  with  0.1%  crystal  violet.  For  soft  agar 
cloning,  we  seeded  20,000  puromycin-selected,  infected  cells  in  0.5%  agar 
into  each  well  of  6-well  plates.  Samples  were  analyzed  in  triplicate. 

Real-time  PCR  and  mRNA  analysis.  We  extracted  total  RNA  from  1 1  pri¬ 
mary  breast  tumors  using  the  RNeasy  kit  (Qiagen).  We  determined 
PPM  ID  mRNA  levels  relative  to  those  for  GAPD  and  PPP1R15A  in  prima¬ 
ry  breast  tumors  after  reverse  transcription  coupled  to  the  real-time  PCR 
(primers  available  upon  request)  using  an  ABI  PRISM  7700  Sequence 
Detection  System  and  the  SYBR  Green  PCR  Master  Mix.  We  analyzed 
mRNA  levels  in  the  panel  of  human  tumor  cell  lines  using  a  dot-blot  proce¬ 
dure;  polyU  served  as  a  control  for  relative  mRNA  content. 

Analysis  of  p53  for  mutations.  To  verily  the  p53  sequence  in  primary 
breast  tumors,  we  amplified  cDNAs  obtained  after  reverse  transcription 
and  sequenced  both  strands  of  the  PCR  products. 

Tissue  microarray  analysis  of  PPM1D.  We  used  the  BLASTN  program  to 
localize  PPM1D  to  three  overlapping  BAC  clones  (RP11-15E18,  RP11- 
634F5  and  RP1 1-108 1E4)  in  the  draft  human  genome  sequence  that  map 
to  17q23.  BAC  done  RP11-634F5,  representing  PPM1D ,  labeled  with 
SpectrumOrange-dUTP,  and  a  centromere-specific,  SpectrumGreen- 
dUTP-labeled  chromosome  17  probe  were  hybridized  to  a  tissue  microar¬ 
ray  containing  primary  breast  tumors18.  Nuclei  were  stained  with  4',  6- 
diamidino-2-phenylindole.  Tumor  samples  with  at  least  a  threefold 
increase  in  the  number  of  PPM  ID  signals,  as  compared  with  chromosome 
17  centromere  signals,  were  considered  to  be  amplified. 

All  tumor  specimens  evaluated  were  anonymous,  archival  tissue  speci¬ 
mens.  The  use  of  these  specimens  for  retrospective  analyses  was  approved 
by  the  Ethics  Committee  of  the  University  of  Basel,  and  their  use  for  tissue 
microarray  analysis  was  approved  by  the  Institutional  Review  Board  of  the 
National  Institutes  of  Health. 

Note:  Supplementary  information  is  available  on  the  Nature 
Genetics  website. 
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Web  Figure  A.  p53  phosphorylation  atThr18,  Ser20,  Ser33,  Ser37  and  Ser46  in  IMR- 
90  cells  after  UV  (15J/m2)  or  infection  with  H-rasV12. 

This  addendum  supplements  data  in  Fig.1  £and  shows  three  panels  of  Western 
blots: 

(A)  Shows  no  phosphorylation  atThr18,  Ser20  or  Ser37  in  IMR-90  cells  irradiated 
with  UV  (15J/m2)  or  infected  with  H-rasV12  vs  control.  Extracts  of  A549  cells 
exposed  to  UV  light  served  as  a  positive  antibody  control. 

(B)  Time  course  (4h  to  48h)  of  p53  phosphorylatin  at  Ser33  and  Ser46  in  IMR-90 
cells  after  exposure  to  UV  (15J/m2).  The  data  indicate  that  phosphorylation  after  UV 
decreased  to  basal  levels  by  48h. 

(C)  Phosphorylation  of  p53  at  Ser33  and  Ser46  in  IMR-90  cells  at  day  1  and  day  5 
after  infection  with  H-rasV12  or  vector  and  selection  with  puromycin.  The  data  show 
that  phosphorylation  levels  remain  constant. 
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Web  Figure  D.  Activation  of  p38  MAPK  in  Ppm  Id1-  cells. 

The  activities  of  Erk,  JNK  and  p38  MAPK  in  thymocytes  from  either  wildtype  or 
Ppmld mice  were  assessed  using  phospho-specific  antibodies  (designated  by  “- 
P”)  and  a  Western  immunoblot  assay.  Total  protein  was  assessed  with  correspond¬ 
ing  antibodies  that  recognize  both  the  phosphorylated  and  non-phosphorylated 
proteins.  Antibodies  were  from  Santa  Cruz  (  Erk2  (C-14),  JNK  (C-17),  p38  (C-20)) 
and  Cell  Signaling  (Erk-P,  JNK-P,  p38-P,  Hsp27-P).  Hsp27-P  served  as  an  endog¬ 
enous  substrate  for  p38  MAPK. 
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Web  Figure  C.  Role  of  Wipl  in  the  p38  MAPK/p53  pathway  in 

regulating  tumorigenesis  in  vivo.  A  E1A+Ras+E6  HPV16 

(A)  Nude  mice  were  injected  on  the  right  side  with  wildtype  MEFs  infected 
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Web  Figure  B.  Wipl  complements  H-rasV12  for  transformation  of  wildtype  MEFs. 

Transformation  of  wildtype  and  Trp53'~  MEFs  was  determined  after  infection  with 
vector  (puro),  H-ras VI  2-expressing  virus,  vector  (puro)  and  Wipl -expressing 
virus,  or  H-rasV12-  and  Wipl -expressing  virus. 

Cells  were  seeded  in  100  mm  plates  after  4  days  of  selection  with  puromycin,  the 
medium  was  changed  every  3  days  during  the  next  3  weeks,  then  foci  were 
stained  with  crystal  violet. 
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Web  Table  A.  PPM  ID  mRNA  level*  in 


cell  line 

p53 

tissue 

Wipl 

IMR-90 

wt 

1  *  epithelial 

1.0 

A549 

wt 

lung 

0.5 

EKVX 

mut 

lung 

0.9 

HOP62 

mut 

lung 

1.1 

HOP92 

mut 

lung 

1.3 

NCI-H226 

mut 

lung 

1.0 

NCI-H23 

mut 

lung 

0.7 

NCI-H322M 

mut 

lung 

0.5 

NCI-H460 

wt 

lung 

0.5 

NCI-H522 

mut 

lung 

1.7 

BT549 

mut 

breast 

0.3 

HS578T 

mut 

breast 

0.3 

MCF7 

wt 

breast 

7.3 

NCI- ADR 

mut 

breast 

1.5 

MDA-MB1 57 

? 

breast 

1.7 

MDA-MB361 

? 

breast 

4.7 

MDA-MB231 

mut 

breast 

0.8 

MDA-MB436 

? 

breast 

0.6 

MDA-N 

mut 

breast 

0.6 

T47D 

mut 

breast 

0.9 

Sum52 

? 

breast 

1.5 

BT474 

mut 

breast 

4.8 

KPL-1 

wt 

breast 

9.4 

SF-268 

mut 

cns 

0.7 

SF-295 

mut 

cns 

1.0 

SF-539 

wt 

cns 

0.9 

SNB19 

mut 

cns 

1.0 

IGROV-1 

wt 

ovary 

0.8 

0VCAR3 

mut 

ovary 

1.0 

0VCAR4 

wt 

ovary 

2.2 

0VCAR5 

mut 

ovary 

0.8 

0VCAR8 

mut 

ovary 

1.1 

SKOV-3 

mut 

ovary 

0.8 

the  panel  of  64  human  tumor  cell  lines 


cell  line 

p53 

tissue 

Wipl 

COLO205 

mut 

colon 

0.3 

HCT1 1 6 

wt 

colon 

1.4 

HCT15 

mut 

colon 

1.6 

HT29 

mut 

colon 

0.3 

KM1  2 

mut 

colon 

0.5 

SW620 

mut 

colon 

1.2 

HeLa 

wt 

cervix 

1.1 

CCRF-CEM 

mut 

lymph 

1.6 

HL60 

mut 

lymph 

1.3 

K562 

mut 

lymph 

1.6 

M0LT4 

wt 

lymph 

2.3 

RPMI  8226 

mut 

lymph 

1.0 

SR 

wt 

lymph 

1.0 

TK6 

wt 

lymph 

1.4 

WTK1 

mut 

lymph 

0.7 

786-0 

mut 

renal 

0.4 

A498 

wt 

renal 

1.4 

CAKI-1 

wt 

renal 

2.2 

RXF-393 

mut 

renal 

0.4 

SN12C 

mut 

renal 

0.3 

TK1 0 

mut 

renal 

1.5 

U031 

wt 

renal 

1.5 

LOX-IVMI 

wt 

melanoma 

1.2 

Ml  4 

mut 

melanoma 

1.1 

SK  MEL2 

mut 

melanoma 

0.9 

SK  MEL28 

mut 

melanoma 

1.1 

SK-MEL5 

wt 

melanoma 

0.6 

UACC-257 

wt 

melanoma 

1.6 

UACC-62 

wt 

melanoma 

0.3 

LNCaP 

wt 

prostate 

1.3 

DU-1 45 

mut 

prostate 

1.6 

PC3 

mut 

prostate 

0.9 

*  PPMIDmRHk  levels  were  determined  in  64  human  tumor  cell  lines14  using  a  dot- 
blotting  procedure;  polyll  served  as  a  control  for  relative  mRNA  content.  Values  are 
reported  relative  to  the  level  in  IMR-90  ceils,  a  normal,  human,  lung-derived,  fibroblast 
cell  line  that  expresses  wildtype  p53.  The  p53  status  and  tissue  source  of  the  tumor 
cell  lines  is  given;  wt,  wildtype  p53;  mut,  mutant  p53;  ?,  p53  status  not  known;  cns, 
central  nervous  system. 


